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ABSTRACT
The Garlock Fault consists of three distinct segments, known as western,
central, and eastern, together reaching approximately 260 km from the San
Andreas Fault to the southern end of Death Valley. Although published slip rates
are available along the western and central Garlock Fault segments, little is
currently known of the Garlock Fault earthquake history or slip rate farther east.
Using LiDAR and satellite imagery, the central and eastern Garlock Fault
segments were analyzed for visibly offset, fault-adjacent, geomorphic surfaces
that may potentially be used for estimating slip rate. Qualitative methods of
assessing preserved alluvial surface maturity were adapted and used to establish
unit age categories. Qualitative comparisons of late Pleistocene-Holocene
surfaces reveal that the total offset at sites along the eastern Garlock Fault are
less than half that of sites of comparable age along the central Garlock Fault,
suggesting a significant reduction in slip rate across the intersection of the Brown
Mountain, Owl Lake, and Garlock Faults. Digitally-measured offsets and their age
groups were plotted in order to achieve preliminary slip-rate estimates. The
resulting plot shows an eastward decrease in late Pleistocene-Holocene slip rate
at sites along the central and eastern Garlock Fault segments. The central
Garlock Fault slip-rate estimate taken from Slate Range West and Slate Range
East sites in Pilot Knob Valley is approximately 4.2 mm/yr, within the error (but on
the low side) of previously published rates. The slip-rate estimate from the Quail
Mountains site, at the easternmost extent of the central Garlock Fault, is
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approximately 2.7 mm/yr. The slip-rate estimate from the Avawatz section of the
eastern Garlock Fault is approximately 1.0 mm/yr.
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CHAPTER ONE
INTRODUCTION

The Garlock Fault is a sinistral strike-slip fault extending approximately
260 km from the San Andreas Fault to the southern end of Death Valley. It
separates the modern Basin and Range crustal extension to the north from the
more stable Mojave Desert to the south. The Garlock Fault has three distinctive
segments, named western, central, and eastern, each with a slightly different
orientation (Figure 1). The western segment was defined to extend between the
San Andreas Fault and a prominent step-over in the Koehn Lake basin (strike of
N60E), the central segment to extend between the step-over and the Quail
Mountains (strike of N75E), with the eastern segment (strike of due east)
extending east of the Quail Mountains (McGill and Sieh, 1991).
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Figure 1. Southern California faults with Quaternary activity. Fault locations taken
from http://earthquake.usgs.gov/hazards/qfaults/ (accessed September 19,
2014). Faults important to this study, such as the segments of the Garlock Fault
(GF) are labeled and the approximate area of the Eastern California Shear Zone
(ECSZ) is highlighted.
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The focus of this study is offset features along the central (CGF) and
eastern (EGF) segments of the Garlock Fault. Particular focus is given to Pilot
Knob Valley, the easternmost extent of the CGF, as well as the area near the
Avawatz Mountains, the easternmost extent of the EGF. The CGF and EGF are
separated by the intersection of the Brown Mountain and Owl Lake faults with the
Garlock Fault, just east of the Quail Mountains. This intersection is characterized
by a widening of the fault zone and many splays showing vertical displacement.
Beyond this intersection the EGF trends due east for another 50 km as a 5 km
wide zone of multiple splays, although recent left-lateral slip appears to be
concentrated within a narrower zone, known as the Leach Lake strand of the
Garlock Fault (Clark, 1973; Brady, 1986).

Tectonic Significance
Little is known of the earthquake history or slip rate of the EGF and studies
of the CGF have been mostly limited to areas west of Pilot Knob Valley (McGill
and Sieh, 1993; Dawson et al., 2003; Madden and Dolan, 2008; McGill et al.,
2009; Ganev et al. 2012). Previous studies of southern California tectonics
evolved from considering the Garlock Fault to be a conjugate fault to the San
Andreas Fault (Hill and Dibblee, 1953), to interpreting the Garlock as a fault zone
bounding Basin and Range extension to the north and a tectonically more stable
zone to the south (Davis and Burchfiel, 1973). More recent studies suggest
various block rotations as the driving force of the Garlock, Owl Lake, and Brown
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Mountain Faults in accommodating North American-Pacific tectonics between the
San Andreas Fault and Eastern California Shear Zone (ECSZ) (Carter et al.,
1987; Guest et al., 2003). Piecing together the spatial variations in slip rate and
slip-rate history of the CGF and EGF may help constrain the tectonic significance
of the Garlock Fault (Hill and Dibblee, 1953; Davis and Burchfiel, 1973;
Humphreys and Weldon, 1994; McGill et al., 2009).
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CHAPTER TWO
METHODOLOGY

Data Utilized
This study relies heavily on remote sensing techniques to interpret and
assess faulting history along the eastern end of the CGF (through Pilot Knob
Valley) and the EGF. Acquisition of high-resolution Light Detection And Ranging
(LiDAR) data and the resulting Digital Elevation Model (DEM) products allow for
precise measurement and interpretation of surficial structures in ArcGIS. Large
quantities of LiDAR data have been made readily available by OpenTopography,
a collaboration of the School of Earth and Space Exploration at Arizona State
University, the San Diego Supercomputer Center at the University of California,
San Diego, and with operational support from the National Science Foundation
Earth Sciences: Instrumentation and Facilities Program (EAR/IF) and the Office
of Cyberinfrastructure. Utilization of these high resolution DEM datasets in
conjunction with satellite imagery provided by Google Earth, as well as geologic
maps of the region (Clark, 1973; Brady, 1986) allowed me to map the modern
fault trace and preserved alluvial surfaces in order to distinguish and measure
offsets.
Although fault splays can be apparent in satellite imagery as color
contrasts, bent drainages, differences in vegetation density, or sometimes large
elevation differences, LiDAR DEMs allow for the creation of hillshade images.
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These hillshades show very minute changes in topography clearly, while also
carrying geocoded elevation point data. Precise mapping of observable fault
traces and related offset features is done quickly and efficiently. The LiDAR DEM
data allows for the creation of digital topographic maps with precise (vertical
accuracy of ~10 cm) contour intervals and topographic profiles when needed.
With these tools, precise mapping of surficial traces of the Garlock Fault was
completed.

Data Organization
The use of LiDAR hillshade and satellite imagery allowed the identification
of surficial features, large or small, that were offset by the primary splay of the
Garlock Fault. Features such as shutter ridges, bent drainage channels, offset
alluvial terraces and the vertical risers separating them, and fault scarps were
distinguished. Features with measurable offsets (which will be discussed in the
next section) were named according to their locations from west to east, their
boundaries were constrained through digital mapping, and piercing points were
determined. Each measurable feature was digitally measured and given an error
and quality rating based on the confidence in constraining its boundaries,
potential lack of preservation, or ambiguity of its genesis/source material. For
example, when a terrace riser separating two distinct alluvial surfaces was
recognized in LiDAR hillshade imagery, a line following the trend of this riser was
projected to the fault trace for a piercing point. The distance along the fault
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between this terrace riser piercing point to the piercing point of its corresponding
riser across the fault, or alternatively to the source drainage from which this
alluvial unit was offset and abandoned, is a measurement of offset since the time
of deposition. Terrace risers often become subdued close to an active fault splay,
thus projections must be justified.
An error estimate for each offset measurement is required due to
ambiguity in the precise position a riser should project to along the fault. Factors
that increase the uncertainty in the offset measurements include oblique
projections to the fault, synchronous features that have non-parallel trends
across the fault, increased width of the fault zone, clarity (or sharpness) of the
fault zone, clarity (or sharpness) of the offset feature, particularly where it
approaches the fault zone, and/or distance over which the feature needs to be
projected.
Quality ratings are utilized to designate the degree of confidence that the
piercing points represent a measurement of offset of the surface since the time it
was abandoned. In other words, the quality rating indicates the confidence that
the true offset lies within the reported range of uncertainty. For example, if there
is a possibility that a terrace riser used in defining one of the piercing points has
been eroded by an active channel since the time that the upper surface was
abandoned and began to accumulate left-lateral offset, then the uncertainty in the
offset measurement is expanded to allow for this possibility. Alternatively, the
uncertainty in the offset can be based on the actual position of the risers today,
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and the possibility of erosion can be taken into account by downgrading the
quality of the offset feature.
Some observations that would reduce a measurement’s quality rating
include, but are not limited to, closely spaced offset features that make it difficult
to be certain which ones correlate, possible erosion of the feature on one or both
sides of the fault that may not be included within the measurement uncertainty,
uncertainty in the correlation of two features across the fault, or gradual offsets
not constrained directly on the fault trace. Quality rating categories are described
in Table 1.
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TABLE 1. QUALITY RATINGS
Quality Rating

Explanation (any may apply)

Excellent








Fault is clearly expressed
Correlation between upstream and downstream channel/riser segments is unambiguous
The measured offset represents tectonic slip since the formation of the feature
Channel or riser is at a high angle to the fault
Channel or riser has the same orientation on both sides of the fault
Projection distance to the fault is minimal

Good








Fault is relatively clearly expressed
Correlation between upstream and downstream channel/riser segments is certain
The measured offset represents tectonic slip since the formation of the feature
Channel or riser is at a high to moderate angle to the fault (>60°)
Channel or riser segments on both sides of the fault are nearly parallel
Projection distance to the fault is less than the measured offset distance

Fair





Fault trace is less prominent
Correlation between upstream and downstream channel/riser segments is less certain
The feature may have been modified by erosion and the measured offset may not accurately represent
tectonic slip
Channel or riser is at a moderate to low angle to the fault (<60°)
Channel or riser segments on both sides of the fault are not parallel and show noticeably different
orientation
Projection distance to the fault is greater than the measured offset distance and it is difficult to constrain
the exact direction of projection





Poor








Fault trace difficult to distinguish
Correlation between upstream and downstream channel/riser segments is uncertain
The feature is likely to have been modified by erosion and the measured offset likely does not
accurately represent tectonic slip
Channel or riser is at a low angle to the fault (<30°)
Channel or riser segments on both sides of the fault are of very different orientation
Projection distance to the fault is large

A catalog of mapped and measured offset landforms was created along
the regions of the CGF and EGF pertinent to this study. This has allowed for the
detailed comparison of features along different areas of the fault. Cataloging of
many small to large scale features along broad portions of the Garlock Fault can
be cumbersome, so the CGF and EGF segments have been organized into
individual sections named Pilot Knob Valley, Owl’s Head, Leach Lake, and
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Avawatz after known geomorphic features nearby (Figure 2). These sections are
divided into subsections of the same name but distinguished by number. Within
each subsection, individual groups of features are labeled alphabetically from
west to east, and every subsequent measurement based on piercing points is
given a number and a description. This allows for the easy location and
comparison of features from different areas along the Garlock Fault.
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Figure 2. Central and Eastern Garlock Fault with sections highlighted and
named. Diamonds represent the locations of sites/subsections: Slate Range
West (SRW), Slate Range East (SRE), Quail Mountains (QMTNS), Avawatz-2
(AVA2), and Avawatz-3 (AVA3).
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Regional Characteristics
The terrain and lithology along the Garlock Fault are variable. Regional
changes in lithology, topography, and drainage direction must be taken into
account when comparing offset landforms. In areas where the drainage and
alluvium run southward across the fault, the offset measurements of the eastern
edges of downstream alluvial terraces will tend to yield minimum estimates. As
left-lateral displacement moves the downstream portions of measurable
landforms into the path of adjacent drainages, increased erosion of that surface
takes place, limiting the ability to precisely constrain the total offset. In contrast, in
areas where the predominant drainage direction is northward, the same minimum
estimates will be found along the western edges of offset downstream alluvial
terraces. This can differ if the drainage system intersects the fault at an oblique
angle. Areas where drainages trend parallel to the fault yield little if any
confidence in offset structures. Comprehending the direction of flow is crucial to
the interpretation of offset landforms and their measurement.

Relative Dating
In the absence of quantitative dating methods such as radiocarbon or
optically stimulated luminescence dating, qualitative techniques have been
employed. Physical characteristics examined in satellite and LiDAR imagery,
including alluvial terrace height, shape, dissection, darkness, and surface
smoothness/roughness have been utilized as proxies for relative age of alluvial
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surfaces (Bull, 1991; Helms et al., 2003; Frankel and Dolan, 2007; Miller and
Valin, 2007). All of these parameters were assessed for each site along the
Garlock Fault, which permitted the distinction of set groups of ages, named Qal0
through Qal10, for all surfaces observed. By attributing each measured surface
into an age group, estimates of slip rate can be calculated, but must be verified in
future field studies. The relative age grouping also allows for the comparison of
sites of similar age or similar offset.
In order to name observed alluvial surfaces, the sequence of surfaces
described in Helms et al. (2003) was adopted and slightly modified. The
sequence of surfaces was numbered beginning with Qal0 as the currently active
channel and increasing values with increasing age. Surface descriptions by
Helms et al. (2003) were significant as their sites in Pilot Knob Valley are
analyzed in this study and have been re-named the Slate Range West and Slate
Range East sites. The inferred surface ages in Helms et al. (2003) were
compared with Miller and Valin’s (2007) Surface Character, Soils, and Age of
Deposit model. Miller and Valin’s (2007) characterization of surface profiles for
each age correlates well with the surfaces studied by Helms et al. (2003)
(Table 2). Thus, in this study the surfaces were named Qal0 to Qal8, based on
observations by Helms et al. (2003), and two additional surface names were
added, Qal9 and Qal10, to account for the final surface age groups described by
Miller and Valin (2007). The age brackets of younger surfaces were slightly
modified in light of field observations and absolute dating (Rittase et al., 2014).
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Determination of surface names was done qualitatively and comparatively based
on multiple criteria: terrace height, shape and dissection, surface darkness, and
smoothness/roughness.

TABLE 2. UNIT AGE COMPARISONS
Unit
Label

Qal0

Preferred unit ages
(yrs)

0

Offset ages from
Helms et al., 2003
(yrs)

USGS model by David Miller (Miller
and Valin, 2007)

Unit age estimates from Rittase et
al., 2014

Unit Label

Surface age (yrs)

Unit Label

Age Estimate
(yrs)

0

Qya1

1–7

Qa

0 - 100

20 - 200

Qal1

< 500

< 500

Qya2

Qal2

600 – 1,000

600 – 1,000

-

Qal3

2,400 – 3,000

2,400 – 3,000

Qya3

Qal4

4,300 – 5,800

4,300 – 5,800

-

Qal5

7,800 – 12,800

7,800 – 12,800

Qya4

Qal6

17,700 – 23,300

17,700 – 23,300

Qal7

25,000 – 50,000

> 25,000

Qal8

50,000 – 150,000

?

-

Qal9

> 150,000

-

Qia3

140,000 –
300,000?

Qal10

-

-

Qoa4

450,000 –
900,000?

100 - 500
500 - 1000

Qa3

1,000 – 3,000

Qa3b

3,500 – 4,500

9,000 – 16,000

-

-

Qia1

20,000 - ~35,000

Qa5

15,000 – 40,000

Qia2

40,000 – 110,000

Qa6

40,000 – 60,000

-

-

-

-

-

-
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3,000 – 9,000

Qa2
Qa2b

Terrace Height
Mountain slopes in the arid Mojave Desert are punctuated with ephemeral
streams where periodic flood events rapidly downcut then deposit debris.
Relative ages of stream terraces are commonly assigned by height above
adjacent stream channels due to the process of younger channels down cutting
and infilling into older surfaces (Bull, 1991; Stoffer, 2004). Ideally, a sequence of
progressively higher terraces with risers between them can be found, but often,
complex networks of various surface heights are observed. Strike-slip faulting of
the Garlock Fault has allowed the downstream portions of channels to be
displaced and cut off from their sources. This process tends to form the ideal
series of abandoned and raised surfaces. Sites displaying a number of
sequentially preserved terraces are highly valuable as they generally record
numerous total offsets for a number of slip events.
The total fault displacement and number of slip events recorded by a
sequence of alluvial terraces is dependent upon the slip rate of the fault as well
as the erosion rate. Erosion occurs at the limits of raised fan terraces that had
been displaced into the path of active channels. The height of large terrace risers
found between old surfaces and active channels is dependent upon the age of
the surface.
Shape and Dissection
Topographic profiles along progressively raised alluvial fan surfaces show
a gradual change in shape dependent upon their age. Bull (1991) and Miller and
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Valin (2007) recognized the evolution of alluvial surface topography in the Mojave
Desert, and developed very similar diagrams (Figure 3). Low lying, active and
recently active channels show very strong bar and swale topography.
Intermediate aged abandoned surfaces have sharp risers cut by the adjacent
modern channels. They may show subdued bar and swale topography or have
very flat surfaces indicative of desert pavement development, and minor incisions
may be present. Older surfaces have a terrace riser which is more subdued than
those of intermediate surfaces as the flat surface becomes more rounded in
cross section. Incision development in older surfaces becomes pronounced, but
is generally not as deep as the risers are tall, and in some areas tributary
incisions can be seen. The oldest surfaces appear very rounded to where the
riser and surface may be indistinguishable. Little preserved surface remains at
this age, as the material is dominated by incisions and is recognized as ridge and
ravine topography (Bull, 1991).
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Figure 3. Modified geomorphic profile from Stoffer, P., 2004, Desert landforms
and surface processes in the Mojave National Preserve and vicinity: U.S.
Geological Survey Open-File Report 2004 - 1007,
http://pubs.usgs.gov/of/2004/1007/index.html (accessed August 2014). Inset of
geomorphic profile from Figure 2.9 of Bull, W.B., 1991, Geomorphic Responses
to Climatic Change: New York: Oxford University Press, 326 p (accessed
September 2014). Unit labels used in this study are shown within the yellow box
at the top and were inserted at their correlative position in the Stoffer (2004)
sequence based on surface properties and independently estimated ages (where
available).
17

The use of LiDAR imagery in ArcGIS allowed for the generation of many
topographic profiles along sites pertinent to this study (Figure 4). A sequence of
parallel profiles running perpendicular to the axis of the alluvial fans allowed for
the precise mapping of individual depositional units, and comparison to the
published models of alluvial surface sequences by Bull (1991) and Miller and
Valin (2007). Profiles along the alluvial fans' axes were utilized to confirm the
correlation between surfaces upstream and downstream of the fault.
Corresponding surfaces generally share the same slope but are separated by a
bench, trough or scarp along the fault. Axis-parallel profiles also revealed areas
within a given fan surface that exhibit anomalous amounts of vertical
deformation, close to the fault, but not on it. Vertical deformation is usually
caused by localized uplift during earthquake events. Field investigations reveal
alluvial beds sometimes bend upward near the fault. Vertically deformed areas
within a fan surface have likely undergone greater amounts of erosion and do not
likely retain the characteristics typical for the age of that surface.
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Figure 4. Example of a topographic profile, the A-A’ profile of the Quail Mountains
site. See Figure 8 for location of profile. Profile has been annotated to show
inferred unit surfaces.
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Surface Darkness
Arid environments such as the Mojave Desert exhibit rock varnish
accumulation on the surface of pebbles and cobbles over time. Rock varnish,
also known as desert varnish, is an accumulation of clay and manganese oxides,
which forms on unperturbed exposed rock surfaces in desert regions. As desert
pavements develop, the varnish accumulates and darkens the upper surfaces of
the clasts forming the pavement. Varnish is easily destroyed by abrasion during
stream transport (Bull, 1991), therefore a stable surface is required for varnish
accumulation. The varnished pavements contrast with the light colored fresh
alluvium in active and recently active channels. There is a general progression of
darkening of preserved alluvial surfaces over time. Surfaces will tend to become
darker until new drainage incisions develop and destroy the stable desert
pavements. The oldest, rounded and heavily incised surfaces show a reduction in
varnish, as they are undergoing increased rates of erosion (Bull, 1991).
The use of remote sensing imagery limits the ability to distinguish
lithological variability throughout alluvial surfaces, therefore surface varnish can
only be utilized as an additional qualitative characteristic for comparing surfaces
of potentially different ages. In satellite imagery, darker surfaces without
topographic variability or incisions are considered to have varnished pavements.
The source of material for the surface is also examined and compared to its
surroundings for any indication of differing color potentially attributed to lithology.
If the source material appears to be the same for two surfaces and one surface
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appears darker, the darker surface is likely to have a more well developed and
varnished pavement and is therefore considered to be older.
Surface Smoothness/Roughness
The smoothness of surfaces (conversely, roughness) can be quite
apparent in LiDAR hillshade images. Modern channels and young surfaces have
significant bar and swale topography, along with creosote bushes strewn
throughout. As surfaces age and are offset and uplifted by a fault, bar and swale
topography becomes progressively more subdued. Soil creep flattens the bars
and wind removes fine sediments helping to develop a flat desert pavement
terrace (Bull, 1991; Stoffer, 2004). In association with these processes, the
vegetation becomes sparser. The net effect is an increase in smoothness
(decrease in roughness), of alluvial surfaces over time.
Frankel and Dolan (2007) utilized digital topographic data to quantify
surface roughness of alluvial fans. By defining surface roughness as the
standard deviation of slope, Frankel and Dolan (2007) showed that each fan
surface is statistically unique. Their work showed that alluvial surfaces in arid
environments became smoother through time until approximately 70 ka in age,
where tributary incisions dominate the topography and cause increased surface
roughness. Frankel and Dolan's (2007) observed 70 ka threshold may
correspond to when ridge and ravine topography (Bull, 1991) begins to develop.
The 70 ka threshold seems young compared to Miller and Valin’s (2007) alluvial
surface model, which suggests roughness would increase closer to 200 ka in
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age.
Smoothness or roughness of an alluvial surface can also be distinguished
in slope aspect maps created from digital elevation data. Slope aspect maps
attribute colors to slope-face directions to easily see topographic variability.
Smooth surfaces appear as a solid color as the slope direction does not vary,
whereas rough surfaces exhibit much variability in color (Figure 5). Not only do
slope aspect maps help to determine surface smoothness/roughness, they also
help the identification of terrace risers, alluvial fan axes, and incisions by the
various patterns of slope colors.
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Figure 5. Example of a slope aspect map showing the SRW site. Colors defined
in legend.

23

Site Comparison
By thoroughly mapping, measuring, and assessing offset features based
on the characteristics discussed above, sites considered to be of fair, good, or
excellent quality have been carefully compared. Sites have been compared
based on the relative ages of their alluvial surfaces as an indication of age
constraint for measured offsets, as well as compared based on total measured
offsets. Although no numerical age can be precisely attributed to a surface by this
method, qualitative comparisons of relative slip rate can be made. Once access
to these regions of the Garlock Fault is permitted by the China Lake Naval Air
Weapons Station and Fort Irwin, the slip rates can be quantitatively estimated by
field measurement, sampling, and dating.
After the relative ages of surfaces were established, based on
characteristics summarized in Table 3, and offset measurements of said surfaces
were measured digitally, these parameters were plotted on a scatter diagram
showing amount of left-lateral offset versus relative age (see discussion and
conclusions). If the Garlock Fault has had a slip history across the CGF and EGF
of a spatially uniform rate, our data should plot in a trend with no unique
clustering based on location. Conversely, if there is segmental variability within
Garlock Fault slip rate and rupture history, our data should plot in clusters with
differently sloping trends based on location.
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TABLE 3. UNIT CHARACTERISTICS
Unit Label

Preferred offset
ages from Helms
et al., 2003
(yrs)

Defining Characteristics
LiDAR and satellite imagery observations

Field observations

 Modern path of ephemeral stream flow
 Often apparent as the deepest incisions in
topographic profiles
 Lightest colored surface

 Loose, unconsolidated sand and pebbles
 Vegetation lacking due to recent flows
disturbing surface

 Strong bar and swale topography with
vegetation concentrated along bars
 Typically 20 – 50 cm above Qal0
 Surface color is similar to Qal0

 Healthy vegetation concentrated along bars
 Surface is very rough with variable clast sizes
intermixed and unconsolidated

 Strong bar and swale topography with
vegetation found throughout
 Very rough surface, but slightly darker in
satellite and aerial imagery than Qal1
 Riser is larger than that of Qal1
 Generally, no new incisions are present

 Larger cobbles concentrated along the top of
bars and terrace risers
 Sand and pebbles better packed than Qal1 but
still loose
 Pebbles mostly cover the surface holding
remaining sand below

2,400 – 3,000

 Bar and swale topography is preserved, but
small and shallow incisions may be observed
forming along swales
 The surface is smoother and slightly darker
than Qal2

 Surface is smoother as sand, pebbles, and
cobbles are settled and hold in place a more
stable surface – incipient desert pavement
development

Qal4

4,300 – 5,800

 Remnant bar and swale topography may be
recognizable, but incisions and pavement
surfaces dominate
 Incisions are clearly visible but are not large
enough to dissect the fan surface
 Areas between incisions are much darker and
smoother than Qal3

 Pavement of cobbles and pebbles which resist
movement
 Depressions in soil are present upon removal
of clasts
 Sand and finer particles have been removed
from these surfaces by wind
 Vegetation is more sparse

Qal5

7,800 – 12,800

 No remaining bar and swale topography
 Preserved surfaces are very smooth and
significantly darker than Qal4
 Incisions may be significant in size and filled
with Qal0 deposits
 Vegetation is reduced and mostly found along
risers and incisions

 Majority of surface is covered in desert
pavement of pebble and cobble sized clasts
 Surface is stable and clasts are held in place
very well

Qal6

17,700 – 23,300

 Preserved surface appears very smooth
 Satellite and aerial imagery shows a very dark
preserved surface
 Lighter colored areas and vegetation only
found along risers and incisions
 Topographic profiles perpendicular to fan
gradient show total preserved surface to be flat
 Incisions are very prominent and may become
interconnected

 Well preserved pavements of varnished
pebbles and cobbles
 Lighter patches due to bioturbation beneath
vegetation
 Most of the vegetation is concentrated along
risers and incisions
 Virtually no vegetation along well preserved
pavement surfaces

Qal7

> 25,000

 Surfaces are darker and slightly smoother than
Qal6
 Incisions have tributaries developing
 Risers appear rough and eroded
 Converging incisions cause preserved
surfaces to appear rounded in topographic
profiles placed perpendicular to fan gradient

 Well preserved pavements of very varnished
pebbles and cobbles
 Lighter patches due to bioturbation
 Most of the vegetation is concentrated along
risers and incisions
 Virtually no vegetation along well preserved
pavement surfaces

Qal8

?

 Preserved surfaces are very dark
 Large tributary incisions tend to limit preserved
surface area
 Surface may appear flat or rounded depending
on proximity of incisions
 Risers appear rough and highly eroded
 Incipient ridge-and-ravine topography

 Very dark pavement where preserved
 Generally less surface area remains due to
encroachment of incisions
 Vegetation is sparse, and primarily found along
risers and incisions

Qal9

-

 Ridge-and-ravine topography prevalent
 Little preserved surface remains, and bedrock
may be exposed in places

Qal0

0

Qal1

< 500

Qal2

600 – 1,000

Qal3
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CHAPTER THREE
SITE PRESENTATION

Central Garlock Fault Segment – Pilot Knob Valley Section
The CGF is the span of the Garlock Fault between the Koehn Lake Basin
and the intersection of the Brown Mountain, Owl Lake, and Garlock Faults near
the Quail Mountains (McGill and Sieh, 1991). In this study I focus on the
easternmost section of the CGF through Pilot Knob Valley, spanning the base of
the Slate Range to the Quail Mountains. Within this section, three main sites are
of particular interest. These sites are named based on their locations, from west
to east: Slate Range West (SRW), Slate Range East (SRE), and Quail Mountains
(QMTNS).
Slate Range West
The Slate Range West site consists of a large alluvial fan structure
spanning approximately 700 m along the fault. This fan is present only on the
south side of the fault. The north side has been uplifted and incised to a much
greater extent and an older alluvial surface (Qal8) is present about 20 m higher
than the fan on the south side of the fault. The source for the fan south of the
fault is the modern channel that lies within a 60 m wide wash area including Qal1
and Qal2 surfaces throughout. Upstream of the fault, this wash is bounded by 8 –
10 m risers cut into very old units, likely Qal8 and older. Farther upstream, the
modern wash has incised up to 20+ m into the old surfaces. The fan consists of
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several terraces, which are progressively older and higher towards the east (Qal3
– Qal7). Shutter ridges and offset stream channels are found throughout the fan
complex and provide the opportunity for many offset measurements for various
ages of surfaces (Figure 6).
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Figure 6. Slate Range West site in LiDAR hillshade imagery. Colored dots denote
piercing points and are colored and numbered according to the corresponding
offset measurements in Table 4. White diamonds represent approximate
locations of sample pits by Rittase et al. (2014). For additional maps of SRW, see
Appendix B.
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Several distinguishable younger preserved surfaces, separated by steep
risers, are seen along the westernmost 100 m of the site. Qal3 is separated from
the modern wash by a 0.5 – 1.0 m tall riser and still retains bar and swale
topography. A few minor 0.5 m incisions have begun to develop in this surface, it
is noticeably darker than Qal1 and Qal2, and only small bushes are presently
growing on it.
A very large riser, 3 – 5 m tall, separates Qal3 and Qal5. Qal5 is
interpreted through topographic superposition, where older preserved surfaces
are found adjacent to and at higher elevations than younger preserved surfaces
(Bull, 1991). Little surface area remains, making it difficult to distinguish the
approximate age of this surface based upon surface properties. A 1 – 2 m riser
separates Qal5 and Qal6a adjacent to a 1 – 2 m deep drainage.
The majority of the fan appears to consist of large units Qal6a and Qal6b,
although there may be some subtle suggestions for minor variations in age
between different parts of these surfaces. Major streams have eroded the
surfaces and have been offset by the fault. This fan complex shows evidence for
greater amounts of uplift towards its eastern boundary, along with near-fault
vertical deformation of Qal6b, by which a large stream has been deflected 95 –
130 m (PKVW-E-2). In satellite imagery, surfaces Qal6a and Qal6b are much
darker than the surrounding surfaces, the vegetation is concentrated on only the
younger incisions, and in hillshade and slope aspect images the remaining
preserved surface appears smooth. These are good evidence for a highly
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developed desert pavement atop an older alluvial fan. Qal6b exhibits a smoother
surface and deeper incisions than Qal6a, as well as formation of tributary
incisions which Qal6a lacks, evident in topographic profiles and hillshade and
slope aspect images.
A recent study estimated a slip rate of 7 – 14 (11 – 13 preferred) mm/yr
over the past 3.5 – 4.5 ka, based on offset upstream alluvial fan deposits against
a shutter ridge found west of the primary drainage for site Slate Range West
(Ritasse et al., 2014). Surfaces which share characteristics with those studied by
Ritasse et al. (2014) may be considered of similar age. In fact, the “Qa3b”
surface Ritasse et al. (2014) utilized to constrain the age of their measured offset,
was dated to be 3.5 – 4.5 ka, very similar to the Qal3 and Qal4 surface ages of
Helms et al. (2003) (Table 2). LiDAR hillshade and satellite imagery observations
of the “Qa3b” surface of Ritasse et al. (2014) are remarkably similar to the Qal3
surface of the Slate Range West site (Figure 6).
Table 4 describes offset features and measurements at this site. The
offsets along alluvial fans in Pilot Knob Valley from Helms et al. (2003) were
measured from USGS aerial photographs with a few surveyed points to estimate
the scale. The use of hillshade and satellite imagery in ArcGIS has yielded
slightly different but comparable measurements. For instance, the PKVW-A-1
digital measurement from the edge of the modern drainage to the first terrace
riser, between Qal3 and Qal5, which is approximately 5 m tall, yielded an offset of
43.6 ± 5 m whereas Helms et al. (2003) measured 47 m for the same feature.
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Utilizing approximately the same piercing points as Helms et al. (2003), the riser
between Qal5 and Qal6a was measured as 95.5 ± 5 m (PKVW-B-3) in this study,
and 77 m by Helms et al. (2003). The new measurements presented here are
likely more accurate because they are based on LiDAR imagery. Finally, the very
large drainage at the eastern end of the fan, which dissects Qal6b, was
measured by Helms et al. (2003) to have 120 m of total offset, apparently by
projecting the drainage perpendicular to the fault. This offset was remeasured in
this study as PKVW-E-1 and E-2 for the western and eastern edges of the
drainage, and total offset was measured to be approximately 95-130 m
depending on how the drainage is projected to the fault. Measuring with high
resolution digital imagery allows for greater precision than Helms et al.’s (2003)
measurements from aerial photographs.
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TABLE 4. SLATE RANGE WEST OFFSET MEASUREMENTS
Offset name Quality Offset (m)

Coordinates

Description

*PKVW-A-1

Good

43.6 ± 5

35.5602 N, 117.2009 W

Eastern edge of modern drainage to the west-facing riser of Qal5.
Distance of offset since Qal5 riser was incised and Qal5 surface
abandoned by the primary drainage

PKVW-B-1

Good

17.8 ± 2

35.5603 N, 117.2006 W

Western edge of drainage incised between Qal5 and Qal6a, offset formed
a shutter ridge

PKVW-B-2

Fair

13.9 ± 3

35.5603 N, 117.2005 W

Eastern edge of drainage incised between Qal5 and Qal6a

*PKVW-B-3

Good

95.5 ± 5

35.5604 N, 117.2004 W

Eastern edge of modern drainage to the west-facing riser of Qal6a. This
edge of Qal6a was likely a terrace riser cut by the primary drainage, but
has been recaptured by a small drainage. Distance of offset since Qal6a
was incised and abandoned by the primary drainage

PKVW-C-1

Good

42 ± 8

35.5606 N, 117.1991 W

Western edge of drainage incised between Qal6a and Qal6b, offset
formed a shutter ridge

PKVW-C-2

Fair

41.4 ± 5

35.5606 N, 117.1989 W

Eastern edge of drainage incised between Qal6a and Qal6b

PKVW-D-1

Fair

78.6 ± 8

35.5609 N, 117.1968 W

West edge of smaller drainage within Qal6b. Vertical deformation has
beheaded this drainage and caused the upstream portion to connect to
the larger drainage to the east

PKVW-D-2

Fair

79.8 ± 8

35.5609 N, 117.1967 W

East edge of smaller drainage within Qal6b. Vertical deformation has
beheaded this drainage and caused the upstream portion to connect to
the larger drainage to the east

PKVW-E-1

Fair

95 – 130

35.5611 N, 117.1958 W

West edge of largest drainage within Qal6b. Very large deflection of
stream due to offset and vertical deformation of Qal6b

PKVW-E-2

Fair

95 – 130

35.5611 N, 117.1955 W

East edge of largest drainage within Qal6b. Very large deflection of
stream due to offset and vertical deformation of Qal6b

*Offset measurement is utilized for slip-rate estimates

Slate Range East
The Slate Range East site is located approximately 1.5 km east of Slate
Range West along the CGF. This site is noticeably smaller and younger than
Slate Range West, spanning only approximately 180 m along the fault. This is
another alluvial fan complex with its source at its western edge and progressively
older and higher terraces toward its eastern limit. Terrace risers mark the primary
piercing points to be measured from the modern channel. Although the upstream
side of the fault has been uplifted and eroded to a greater extent than the
downstream side, noticeable risers were seen upstream from the fault and have
been associated with risers on the downstream fan (Figure 7).
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Figure 7. Slate Range East site in LiDAR hillshade imagery. Colored dots denote
piercing points and are colored and numbered according to the corresponding
offset measurements in Table 5. Orange dots represent approximate location of
sample pits. For additional maps of SRE, see Appendix C.
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Material in the Slate Range East fan appears to be relatively young. The
modern channel, Qal0, is located at the western edge of the site and has eroded
and formed terrace risers along the offset and abandoned surfaces important to
this study. It has also incised deeply into another alluvial fan to the west, which
has been left-laterally displaced into its path. Upstream of the fault, this channel
has incised deeper into much older sedimentary units. Qal1 exists as a small
wedge of recently abandoned alluvium. A small riser, about 0.2 – 0.4 m tall,
separates it from the modern channel, and it exhibits fresh bars and swales along
with vegetation. Qal1 is not yet offset by the fault and it is possible that a flood
event can destroy and incorporate it as modern drainage.
Qal2 is separated from Qal1, and Qal0 farther downstream, by a
prominent riser up to 1.0 m tall. Qal2 is noticeably darker in satellite imagery than
Qal0 and Qal1, although it still retains bar and swale topography and high
amounts of vegetation coverage.
The riser between Qal2 and Qal3 stands between 0.5 and 1.0 m tall
except near the fault where it becomes a broad slope about 8 – 10 m wide and
0.75 m high. Qal3 exhibits similar properties to Qal2, although it is slightly darker,
has fewer small bushes, and is smoother in both hillshade and slope aspect
imagery. Although smoothness increases overall, Qal3 displays the infancy of
small incisions, about 0.1 m deep, which are expected to grow with time.
Qal4 is separated from Qal3 by a riser, which varies between 0.5 and
1.5 m tall. Qal4 is even darker than Qal3, and no vegetation is apparent on the
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dark and flat surfaces, suggesting a desert pavement has begun to develop by
this age. The Qal4 surface is flatter overall, but the small incisions are up to
about 0.5 m deep in this surface. No bar and swale topography remains in Qal4.
Table 5 describes offset features and measurements at this site. Digital
measurements of this fan were similar to, but slightly larger than, those of Helms
et al. (2003) and McGill and Sieh (1991). The distance to the riser between Qal1
and Qal2 from the modern drainage (PKVE-1) was measured at 6.7 ± 1.0 m in
the field and 6.7 ± 2.0 m with LiDAR in ArcGIS, whereas McGill and Sieh (1991)
measured the same distance in the field (with tape measure) to be 4.9 ± 1.0 m,
and Helms et al. (2003) measured the same distance on a detailed topographic
map surveyed in the field (with 0.5 m contour interval) to be 6.0 ± 1.9 m. Both
field and digital measurement with LiDAR is in good agreement with field
measurements by Helms et al. (2003). In all cases, however, the tectonic offset
could be larger than the measured separation if significant erosion of the
upstream edge of the modern channel has occurred.

TABLE 5. SLATE RANGE EAST OFFSET MEASUREMENTS
Offset name Quality Offset (m)

Coordinates

Description

*PKVE-1

Good

6.7 ± 1.0

35.5632 N, 117.1818 W

East edge of modern drainage to the west-facing riser of Qal2. Distance of
offset since Qal2 was incised and abandoned

*PKVE-2

Fair

18.3 ± 2.0

35.5632 N, 117.1816 W

East edge of modern drainage to the offset projection of the west-facing
Qal3 riser. Distance of offset since Qal3 was incised and abandoned

*PKVE-3

Good

30.6 ± 3

35.5633 N, 117.1813 W

West-facing riser of Qal4 offset across the fault. Potential distance offset
since incision and abandonment, although primary drainage upstream of
the fault has incised and migrated westward from the terrace riser

*PKVE-4

Fair

41.5 –
45.9

35.5634 N, 117.1809 W

Eastern edge of remaining Qal4 unit offset across the fault. Potential
maximum offset since deposition of Qal4

*Offset measurement is utilized for slip-rate estimates
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Due to Qal1 deposits covering the riser between Qal2 and Qal3, a projection
to the fault from ~24 m away was used to form a measurable piercing point. This
field measurement, PKVE-2, was 18.3 ± 2.0 m. Helms et al. (2003) measured
this to be 16 ± 2 m, in good agreement with the LiDAR and field measurement
presented here.
The Qal3 to Qal4 riser offset measured approximately 30.6 ± 3 m
(PKVE-3). The riser appears well constrained downstream of the fault, but slightly
more difficult to constrain upstream of the fault. The offset of the eastern
boundary of this surface measured between 41.5 and 45.9 m (PKVE-4). The
range of values possible for the PKVE-4 measurement is due to difficulty in
constraining the eastern boundary of the Qal4 surface upstream of the fault. Two
piercing points are used because an incision has formed between the surface
and the higher elevation material adjacent to it (Figure 7). Downstream of the
fault, the eastern boundary of the Qal4 surface may either be covered by
colluvium, or it ends just west of the minor drainage seen in satellite imagery.
Helms et al.’s (2003) measurements again yielded smaller values for the
boundaries of Qal4 at 26-35 m.
Quail Mountains
The Quail Mountains site is found at the eastern end of Pilot Knob Valley,
where the CGF strikes into the Quail Mountains. The site is approximately
17.5 km east along the fault from Slate Range East, and 8.5 km west of the
inferred intersection of the Brown Mountain, Owl Lake, and Garlock Faults. The
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Quail Mountains site spans approximately 200 m along the fault and contains
several progressively older and more uplifted alluvial terraces towards its eastern
edge (Figure 8).
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Figure 8. Quail Mountains site in LiDAR hillshade imagery. Colored dots denote
piercing points and are colored and numbered according to the corresponding
offset measurements in Table 6. Profile A-A’ can be seen in Figure 4. Profile B-B’
can be seen in Figure 9. For additional maps of QMTNS, see Appendix D.
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The Quail Mountains site is unique and important in that the terraces
preserved within it span a broad range of time and offsets. Adjacent to the
modern channel, Qal3a and Qal3b surfaces together span ~40 m along the fault
and are dissected by a 1.0 m deep incision and deposit of Qal2. The Qal3b
surface continues across but is offset by the fault. Towards the western margin of
Qal3b, a ~1 m tall riser, is offset about 4.1 ± 1.5 m (QMTNS-1). This surface
exhibits a noticeably darker color than the younger Qal0 – Qal2 surfaces seen
throughout the wash area, and is slightly darker than Qal3a. Qal3a retains small
remnants of bar and swale topography towards its downstream extent. Satellite
imagery also reveals many small bushes growing throughout the Qal3 surface.
The Qal5 surface is separated from Qal3 by a 2 m tall riser. No surfaces
resembling Qal4 are present at the Quail Mountains site. Qal5 exhibits a much
smoother and darker surface, with very little vegetation that is only found near
incisions. A small amount of Qal5 surface remains across the fault, and its westfacing riser is offset by 23.3 ± 3 m (QMTNS-2).
Qal5 and Qal6 are separated by a 3 – 5 m deep and 5 – 10 m wide
incision, which has been filled by Qal0. The Qal6 surface sits about 3 m higher
than the Qal5 surface, although a ridge of anomalously high alluvium near the
fault sits between them and is much higher (but not as high as Qal7). This ridge
appears to have little preserved surface remaining and is not considered for
qualitative age estimation, although its proximity to the preserved surfaces
surrounding it suggest it may have been a part of Qal6. Qal6 is darker, smoother,
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has larger incision development, and the terrace risers are more rounded than
seen on the Qal5 surface. Based upon relative geomorphic characteristics, some
remaining Qal6 surface was found upstream of the fault. Although the
downstream near-fault extent of Qal6 is difficult to constrain due to vertical
deformation, the probable west-facing risers were projected to the fault and the
total offset of Qal6 is measured to be between 41 and 68 m (QMTNS-3).
An incision 3 – 5 m deep separates Qal7 from Qal6 south of the fault and
a large area of vertical deformation prevents the surfaces from reaching the fault.
Qal7 exhibits progressively more mature surface characteristics than Qal6 much
in the same way that Qal6 did to Qal5, as a taller, smoother, darker, and more
deeply incised surface. Qal7 sits about 2 m higher than Qal6, and about 3 m
higher than the modern channel Qal0 cutting its eastern edge. Arguably the
largest preserved surface at the Quail Mountain site is north of the fault, and is
also considered to be Qal7. Qal7 upstream of the fault is broad, extremely
smooth and flat with a 3 m tall riser on its western edge and a 2 m tall riser on its
eastern edge. Only two large incisions are present, and they only show minor
development of tributary incisions. The fact that the surface is so well preserved,
and that erosion has not progressed to form significant tributary incisions or
degraded terrace risers, suggests it is younger than Qal8.
The west-facing riser of Qal7 is fairly clear upstream, but the downstream
riser requires a significant projection. The offset measured between these
projections was 95 ± 15 m (QMTNS-4). The east-facing riser of Qal7 is adjacent
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to a modern wash, between 30 and 50 m wide near the fault. Downstream of the
fault, across this wash is a remnant of a unit that resembles the overall shape of
Qal7. East of this remnant is a lower region filled with younger units, likely Qal1 –
Qal3, suggesting an abandoned deflected drainage once followed this path.
Observations suggest that as the downstream Qal7 unit was offset into the path
of a flanking modern wash, the drainage could no longer be deflected eastward
and instead incised and dissected the Qal7 surface. Projections were fitted along
this potential Qal7 remnant, and the offset measured between these projections
and the upstream east-facing riser of Qal7 was 95 ± 15 m (QMTNS-4).
Adjacent to and downstream of the fault, at the eastern boundary of the
fan complex is a very high knob (Figure 9). Fan axis-parallel profiles suggest this
is a vertically deformed portion of alluvial surfaces Qal6 and Qal7 as the slope of
the surface north of the fault is nearly parallel to the slope of the surfaces south
of deformation zone (Figure 9). The vertically deformed surface is a narrow ridge
with tall and steep risers on both sides, suggesting large amounts of erosion
have taken place. This is confirmed in satellite imagery as this surface lacks the
dark shade of the surrounding old surfaces.
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Figure 9. QMTNS profile B-B’ along unit Qal7. See Figure 8 for location of profile.

TABLE 6. QUAIL MOUNTAINS OFFSET MEASUREMENTS
Offset name Quality Offset (m)

Coordinates

Description

*QMTNS-1

Good

4.1 ± 1.5

35.6010 N, 116.9942 W

West-facing riser of Qal3b

*QMTNS-2

Fair

23.3 ± 3

35.6010 N, 116.9938 W

West-facing riser of Qal5

*QMTNS-3

Fair

41 – 68

35.6010 N, 116.9932 W

West-facing riser of Qal6 upstream to two different potential downstream
west-facing Qal6 risers

*QMTNS-4

Fair

95 ± 15

35.6011 N, 116.9925 W

West-facing riser of Qal7 upstream to projected probable location of westfacing Qal7 riser downstream

*QMTNS-5

Fair

100 ± 15

35.6011 N, 116.9922 W

East-facing riser of upstream Qal7 to east-facing riser of potential Qal7
remnant across large modern wash which appears to have dissected
downstream Qal7 unit

*Offset measurement is utilized for slip-rate estimates

Eastern Garlock Fault Segment – Owl’s Head Section
The EGF is the easternmost expression of the Garlock Fault, which spans
the approximately 50 km between the intersection of the Brown Mountain and
Owl Lake Faults with the Garlock Fault, to the intersection of the Garlock Fault
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with the Death Valley Fault in the Avawatz Mountains. The Owl’s Head Section is
the portion of the EGF spanning between the western end of the EGF to where
the fault exits the alluvial fans formed at the base of the Owl’s Head Mountains
and enters the Leach Lake basin (Figure 2). The 15 km extent of this section
shows minimal variation in topography. The Owl’s Head section consists mainly
of south-sloping alluvial fans of various ages, with a region of eastward faultparallel flow.
A vertical component of slip (south-side down) along the recently active
fault trace is apparent throughout the Owl’s Head Section. Much of the fault is
apparent as benches or shutter ridges. The relatively steep slope and high
degree of incision has left few well-preserved surfaces which has caused lateral
offsets to be difficult to distinguish and measure. Although small offsets
representing recent earthquake events can be found, the search for relatively
large offsets of older preserved surfaces pertinent to this study was unfruitful.
In the easternmost 4 km of the Owl’s Head Section, a fault scarp is clearly
visible through very young alluvium. This area adjacent to Randsburg Road may
prove to be a very useful site for studying recent earthquakes and small offsets.
Even with 1 m-resolution LiDAR DEMs, the lateral offsets along this scarp are still
difficult to distinguish. Field investigation and aerial stereo photos need to be
utilized in order to resolve the small offsets apparent in this area.
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Eastern Garlock Fault Segment – Leach Lake Section
The Leach Lake Section of the EGF consists of a basin spanning 9 km
along the fault. No left-lateral offsets are observed in this section, and most
drainages flow parallel to the fault splays. Vertical scarps and dense lines of
creosote bushes are apparent along the fault through Leach Lake.

Eastern Garlock Fault Segment – Avawatz Section
The Avawatz Section is the portion of the EGF in the Avawatz Mountains,
between Leach Lake and the eastern end of the fault. The expression of the
Garlock Fault through this section is complex with many splays, great
topographic relief, and variable drainage patterns. Bedrock alluvial sources
throughout the Avawatz Section are variable as well, which can pose difficulties
in remote surficial comparisons based on color and smoothness (Brady, 1986).
Close examination of modern drainages helped to distinguish the most
recently active splay of the EGF in this section. Only sites found along this
primary splay, known as the Leach Lake strand, were considered in this study.
Due to the increased topographic complexity in this section, individual sites were
more difficult to distinguish. Instead, subsections were established and an
assortment of offset features were labeled within each. This simplifies locating,
describing, and measuring numerous offset features in a given area (Figure 2).
Avawatz-1 Subsection
The westernmost subsection within the Avawatz section consists of the
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area between Leach Lake and the EGF stepover. In this 3.5 km span, the fault is
displayed as notches or benches in Pleistocene units and bedrock. Many large
drainages travel parallel to the fault splay and the only potentially measurable
offsets are of very poor quality. Downward vertical displacement is evident at the
extensional left-stepover between subsections Avawatz-1 and -2 (Figure 10).
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Figure 10. Strip map of Avawatz-1 in LiDAR hillshade imagery. Red line shows
surface expression of the Leach Lake strand of the Garlock Fault zone. Left-hand
image lies west of right-hand image.
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Avawatz-2 Subsection
The second subsection of the Avawatz Section begins at the eastward
expression of the Avawatz stepover (Clark, 1973), approximately 3.5 km east of
where the EGF leaves Leach Lake and enters the Avawatz mountains (long:
116.5755 W). This subsection continues about 3.7 km to a large drainage where
an older fault splay appears to meet with the recently active EGF splay (long:
116.5365 W). The dominant drainage direction is northward although variations in
direction from N45E to N20W can be found throughout this subsection.
Numerous measurable offsets within units of greatly varying ages are
found in the Avawatz-2 subsection (Figure 11). Smaller offsets of 10 m or less are
plentiful, although quality varies greatly (McGill and Sieh, 1991). Within the
eastern half of this subsection the drainage pattern trends nearly perpendicular to
the strike of the EGF and good quality, large offsets are found there. Piercing
points primarily consist of offset terrace risers and channels. Numerous offset
measurements are described in the Table 7. At least 4 unique ages of alluvial
surfaces can be distinguished in this area by the previously discussed methods.
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Figure 11. Strip map of Avawatz-2 in LiDAR hillshade imagery. Red line shows
surface expression of the Leach Lake strand of the Garlock Fault zone. Left-hand
image lies west of right-hand image.
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TABLE 7. AVAWATZ-2 OFFSET MEASUREMENTS
Offset name Quality Offset (m)

Coordinates

Description

AVA2-A-1

Fair

3.6 ± 2

35.5892 N, 116.5624 W

West-facing riser of Qal5 offset across fault to west edge of probable
bedrock ridge

AVA2-A-2

Fair

5.0 – 8.5

35.5892 N, 116.5623 W

East-facing riser of Qal5 offset across fault to east edge of probable
bedrock ridge, or small adjacent terrace

*AVA2-B-1

Fair

9.9 ± 3

35.5892 N, 116.5612 W

West-facing riser of Qal5 offset across fault to east edge of highly eroded
older alluvial unit

AVA2-B-2

Fair

5.4 ± 2

35.5892 N, 116.5610 W

East-facing riser of Qal5 offset across fault to highly eroded alluvial unit

AVA2-C-1

Fair

11.4 ± 5

35.5891 N, 116.5565 W

East-facing riser of Qal6 offset along the fault from downstream Qal7.
Terrace riser intersects the fault at an approximately 60° angle. The
downstream riser angle changes near the fault and causes ambiguity in
the projection, resulting in a greater error in offset measurement

AVA2-D-1

Poor

8.2 ± 2

35.5890 N, 116.5534 W

East edge of offset drainage/west-facing riser of Qal6. Gully incised into
Qal6 deflected around a shutter ridge. This offset is given a poor quality
due to the small incision being much younger than the Qal6 surface

AVA2-E-1

Fair

6.2 – 11.8

35.5890 N, 116.5526 W

West edge of offset drainage dissecting Qal6. Incision much younger than
Qal6

AVA2-E-2

Poor

6.9 ± 2

35.5890 N, 116.5525 W

East edge of offset drainage dissecting Qal6. Incision much younger than
Qal6

*AVA2-E-3

Fair

8.3 – 19.9

35.5889 N, 116.5519 W

East-facing riser of Qal6 offset along the fault. The downstream riser is
difficult to constrain, causing a large uncertainty. The projections across
the fault are at different angles

*AVA2-F-1

Good

11.6 ± 2

35.5888 N, 116.5504 W

East-facing riser of Qal6 offset across the fault. Alternatively, the eroded
ridge line yields an offset of 12.5 m. The riser and ridge axis both intersect
the fault at approximately 75°

AVA2-G-1

Good

22.6 ± 3

35.5887 N, 116.5491 W

West edge of drainage between Qal6 and Qal8 (on the upstream side of
the fault) offset along the fault. The incision has not completely dissected
Qal6 and Qal8, suggesting the offset is younger than the surfaces

AVA2-G-2

Good

21.2 ± 3

35.5887 N, 116.5491 W

East edge of drainage between Qal6 and Qal8 (on the upstream side of
the fault) offset along the fault. The incision has not completely dissected
Qal6 and Qal8, suggesting the offset is younger than the surfaces

AVA2-G-3

Good

33.3 ± 3

35.5887 N, 116.5488 W

West edge of drainage between Qal8 and Qal8 (on the upstream side of
the fault) offset along the fault. The incision has not completely dissected
the Qal8 surfaces, suggesting the offset is younger than them.

AVA2-G-4

Good

29.5 ± 4

35.5887 N, 116.5486 W

East edge of drainage between Qal8 and Qal8 (on the upstream side of
the fault) offset along the fault. The incision has not completely dissected
the Qal8 surfaces, suggesting the offset is younger than them.

*AVA2-G-5

Good

40.2 ± 10

35.5886 N, 116.5478 W

East-facing riser of Qal8 (on the upstream side of the fault) and Qal7 (on
the downstream side of the fault). The risers intersect the fault at
approximately 60°. 40 – 50 m offset is preferred, but offset could be as
large as 80 m. Large amounts of erosion may have occurred along the
east-facing riser of Qal8, due to the large channel present.

*AVA2-G-6

Fair

77 - 134

35.5887 N, 116.5502 W

Reconstructed western margin of Qal8 total offset

*AVA2-G-7

Fair

50 - 120

35.5886 N, 116.5480 W

Reconstructed eastern margin of Qal8 total offset

*Offset measurement is utilized for slip-rate estimates
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The most interesting offsets in the Avawatz-2 subsection are at sites
Ava2-F and Ava2-G (Figure 12). These sites exhibit good quality offsets of both
fan surfaces and drainages. The surfaces appear to cover a broad temporal
spectrum and offsets measure between 10 and 50 m.
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Figure 12. Avawatz-2 E, F, and G sites in LiDAR hillshade imagery. Colored dots
denote piercing points and are colored and numbered according to the
corresponding offset measurements in Table 7. Profiles A-A’ and B-B’ can be
seen in Figure 13. For additional maps of Avawatz-2 E, F, and G, see Appendix E.
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Ava2-F consists of a narrow ridge of older alluvium. The ridge appears to
have been heavily eroded by two channels, which meet at its location, and it is
likely a remnant of what was a larger fan. This ridge has been offset 11.6 ± 2 m.
This offset was measured both by the ridgeline as well as the eastern riser. The
source drainage that created the eastern riser intersects the fault at an oblique
angle of approximately 62°. This drainage may have eroded the upstream
eastern riser and reduced the total apparent left-lateral offset. Thus the offset at
site F should be considered a minimum value. Although little of the site F surface
remains for a qualitative age estimate directly at the fault, the narrow ridge exists
at the downstream extent of a larger fan surface, which was assumed to be of
similar or slightly younger age. The upstream surface sits 5 to 6 m above the
surrounding modern drainage and is bounded by steep risers. The surface
characteristics suggest an intermediate aged Qal6 terrace. Abrupt terrace edges
lead to relatively flat surfaces where vegetation is reduced and concentrated
within small incisions. The few incisions are immature without any evidence for
tributary branches. The surface is surprisingly dark but this may be attributed to
an anomalously dark source material compared to surrounding areas.
Ava2-G consists of a large fan complex, spanning a total of 220 m along
the fault, with rather large incisions separating parts of the fan complex. The
largest incisions may originally have been terrace risers separating individual fan
surfaces. Two distinct surface ages are distinguishable upstream of the fault
(Figure 13). At the western end, abrupt risers and a flat surface with very minor
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incisions suggests it is a Qal6 surface. The eastern surface in the complex is
higher and exhibits a more rounded shape with tributary incisions showing the
evolution towards a ridge-and-ravine topography. This surface was identified as
Qal8.

Figure 13. Avawatz-2 G topographic profiles along units Qal6 and Qal8. See
Figure 12 for location of profiles.
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Downstream of the fault, two main surfaces exist, separated by the offset
drainages and a ridge of alluvial material with no remaining surface preserved. At
the western end, an 8 – 10 m high, rounded surface with ridge-and-ravine
topography was identified as Qal8. This Qal8 surface is restricted to the top of
the ridge and is likely a thin unit overlying bedrock, which can be seen exposed
farther north along the ridge. This surface may be an older and poorly preserved
Qal8 compared to others observed. The narrow ridge central to the downstream
complex has alluvium with no preserved surface, and cannot be definitively
identified by qualitative methods, but may be part of Qal8. At the eastern end, a
5 – 7 m high surface exhibiting slight roundness and small tributary incisions
resembles a Qal7 surface. Farther downstream of this Qal7 surface is another
Qal8 surface, which appears to be slightly younger and better preserved than the
Qal8 closer to the fault. The surfaces of site G are lighter in color than those of
Ava2-D, E, and F due to being sourced from lighter colored bedrock farther
southeast.
The two large incisions are offset and provide piercing points, but the
possibility of estimating a slip rate relies on the ability to constrain whether the
offsets measured are associated with the development of these potentially
dateable surfaces, or if they were incised at a later time. Measurements
AVA2-G-1 and AVA2-G-2 were taken at the margins of the smaller western gully
incised between Qal6 and Qal8 upstream of the fault, and Qal8 and an eroded
ridge downstream of the fault. Projected to the fault, these measurements were
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well constrained at 22.6 ± 3 m and 21.2 ± 3 m, respectively. This must be
considered a minimum offset estimate for the Qal6 surface in the complex
because the incision does not completely dissect Qal6 and Qal8, and thus was
likely not the cause of the abandonment of either surface. Abandonment of the
Qal6 surface may have occurred when the large channel to the west of Qal6
incised, and the small drainage that offset ~ 22 m may have begun to incise
sometime after the Qal6 fan surface was already abandoned.
The eastern gully is wider, has incised farther upstream within Qal8, and
shows a greater development of tributary incisions into the fan complex.
Measurements AVA2-G-3 and AVA2-G-4 were slightly more difficult to constrain
at 33.3 ± 3 m and 29.5 ± 4 m, respectively. Although it is a much larger offset,
more likely to be associated with the age of the surface in which it is incised, this
incision must also be taken as a minimum measurement of offset as it does not
completely dissect the upstream fan.
The eastern margin of the fan complex shows a large left-lateral offset
along a prominent riser. This measurement, AVA2-G-5, must be considered a
minimum because the 50 to 80 m wide modern wash, which trends N27W and
intersects the fault at 58°, has cut a 6 to 9 m tall riser into the easternmost
upstream fan Qal8. The separation of the riser across the fault, which was
measured at 40.2 ± 10 m, may underestimate the tectonic offset that has
occurred since abandonment of the Qal8 surface, due to erosion of the upstream
east edge of fan Qal8. The total possible offset could be no larger than about
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80 m (the distance along the fault from the downstream east-facing riser of Qal7
to half way across the large wash) if it is assumed the wash eroded the fans
along its margins equally. Nonetheless the preferred total offset of the eastern
portion of the fan complex, based on what can be directly observed, is 40 to 50
m.
The remaining Qal8 unit margins appear offset across the fault. Although
difficult to constrain, measurements of these offsets are possible. The amount of
erosion the Qal8 surfaces have undergone and their proximity to Qal6 and Qal7
surfaces at Ava2-G suggests a reconstruction of geomorphic history is required
to justify such offset measurements (Figure 14).
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Figure 14. Hypothesized timeline of site Avawatz-2 G formation. A) Qal8 was
deposited and abandoned by north-northwest flowing drainage. B) A flood event
caused the active drainage to cut through the abandoned Qal8 surface. C) The
flood event deposited younger alluvium (Qal7) between the remaining
downstream Qal8 surfaces and flow resumed along the margins. D) The western
edge of Qal8 was offset into the path of an active wash, undergoing erosion. E)
The uplifted and offset downstream Qal8 surface forced the drainage farther
west, causing the drainage to abandon a Qal6 surface. F) Qal8 continued to be
offset into the path of the modern wash, undergoing more erosion.
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Qal8 was likely deposited by a north-northwest flowing drainage (Figure
14, frame A) much in the same way the modern alluvial deposits at this location
are. Once this surface was abandoned, offset by earthquakes, and risers incised
along its margins, a large flood event may have overrun the east-facing riser and
the flow cut through the Qal8 surface (Figure 14, frame B). What remained were
two downstream older surfaces (Qal8) with a younger deposit (Qal7) between
them. After the deposition of the Qal7 surface, it too was abandoned as the
active wash incised at its eastern margin where water resumed traveling the
most efficient path down slope (Figure 14, frame C).
By this time, the western edge of the downstream Qal8 was offset into the
path of an active wash, deflecting the drainage and undergoing erosion in the
process (Figure 14, frame D). The uplifted and offset downstream Qal8 forced
the path of the wash farther to the west, ponding behind it a wedge of upstream
alluvium, further incision led to abandonment of this alluvium which would
become the preserved Qal6 we observe today (Figure 14, frame E). The
downstream Qal8 would only resume eroding as it offset beyond the limits of
Qal6 and into the active wash (Figure 14, frame F).
While this took place along the margins, incisions grew headward between
the downstream Qal7 and Qal8 surfaces. These incisions eventually separated
the preserved surfaces, crossed the fault, and were offset.
Upstream of the fault, the western edge of Qal8 is currently located at the
westernmost incision, which divides Qal8 and Qal6. In the time between the
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abandonment of Qal8 and the deposition of Qal6, this margin may have been
eroded. Therefore this piercing point represents the most eastern expression of
the upstream western margin of Qal8. Downstream of the fault, the west edge of
Qal8 requires a piercing point projection with a large degree of uncertainty. This
is due to the angle at which this Qal8 surface has been cut by the adjacent wash.
As is the case with surfaces offset into the path of an active wash, the offset
between these margins (Ava2-G-6) likely represents a minimum, although the
upstream edge may have originally been located farther west which would
suggest a smaller offset than measured. Ava2-G-6 was measured to be between
77 and 134 m based on these piercing points.
Upstream of the fault along the eastern margin of Qal8 is the piercing
point used in measurement Ava2-G-5. As explained previously, Qal8 has been
cut by the modern drainage and the eastern limit of Qal8 was likely farther east
before being eroded. A range between its current location and the midpoint of the
wash is reasonable for determining the eastern limit of Qal8. Downstream of the
fault, a piercing point projection must pass through Qal7 to reach the fault. The
large distance of this projection, along with the erosion of the Qal8 surface's
eastern edge, results in a large uncertainty in the measured Ava2-G-7 offset of
50 – 120 m.
Avawatz-3 Subsection
The subsection east of Avawatz-2 consists of an approximately 5 km span
of the EGF from the eastern edge of Avawatz-2 (long: 116.5365 W) to the
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opening of a valley along the fault (long: 116.4820 W). This span of the EGF
trends S80E, which is about 10° southward compared to the overall trend of the
EGF. Avawatz-3 appears similar to Avawatz-2 although in satellite imagery,
surface color is more variable. Northward-flowing drainages intersect the fault at
near-perpendicular angles everywhere except at the easternmost 1.5 km, where
drainages become parallel to the fault due to a ~50 m tall hill downstream (Figure
15).
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Figure 15. Strip map of Avawatz-3 in LiDAR hillshade imagery. Red line shows
surface expression of the Leach Lake strand of the Garlock Fault zone. Left-hand
image lies west of right-hand image.
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Many of the measurable offsets found in the Avawatz-3 subsection are
poor or fair quality and smaller than 10 m (Table 8). The measurements most
suitable for comparison to other sites are found at Ava3-E, Ava3-F, Ava3-K, Ava3L, and Ava3-M. These sites exhibit fairly large offsets of units of similar ages to
those found in other subsections.
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TABLE 8. AVAWATZ-3 OFFSET MEASUREMENTS
Offset name Quality Offset (m)

Coordinates

Description

AVA3-A-1

Poor

1.6 – 5.3

35.5871 N, 116.5354 W

Eastern edge of large incision of Qal6 unit

AVA3-A-2

Good

3.2 – 5.2

35.5870 N, 116.5349 W

East-facing riser of Qal6 unit cut by modern wash

AVA3-B-1

Fair

20.8 ± 4

35.5868 N, 116.5340 W

East-facing riser of Qal6. Upstream riser edge is difficult to constrain as it
is a narrow drainage

AVA3-C-1

Fair

10.6 ± 2

35.5868 N, 116.5338 W

West-facing riser of Qal6. Upstream riser edge is difficult to constrain as it
is a narrow drainage

AVA3-C-2

Good

16.5 ± 2

35.5868 N, 116.5336 W

Ridge line of Qal6 projected to the fault

AVA3-D-1

Fair

2.6 – 4.4

35.5865 N, 116.5315 W

West edge of modern wash

*AVA3-E-1

Good

31 - 41

35.5860 N, 116.5287 W

West-facing riser of Qal7 Downstream offset from highly eroded material
of the same or older age upstream

*AVA3-E-2

Good

37.4 ± 5

35.5860 N, 116.5281 W

Eastern edge of eroded surface (probably Qal7) downstream, offset from
western edge of modern drainage. Preferred offset

AVA3-E-3

Good

65 - 75

35.5860 N, 116.5279 W

Eastern edge of known preserved Qal7 surface downstream from western
edge of modern drainage

*AVA3-F-1

Good

38 – 45

35.5854 N, 116.5247 W

East-facing large riser of Qal7 to east-facing riser of highly eroded unit
upstream. Maximum possible offset is 55 m

AVA3-G-1

Fair

50.0 ± 5

35.5844 N, 116.5180 W

East edge of large incision into Qal8 to east edge of larger upstream
incision

AVA3-G-2

Fair

49.8 ± 5

35.5844 N, 116.5181 W

West edge of large incision into Qal8 To west edge of larger upstream
incision

AVA3-G-3

Fair

29.8 ± 5

35.5844 N, 116.5183 W

East edge of large incision into Qal8 To east edge of smaller upstream
incision

AVA3-G-4

Fair

25.6 ± 5

35.5844 N, 116.5184 W

West edge of large incision into Qal8 To west edge of smaller upstream
incision

AVA3-G-5

Good

27.8 ± 5

35.5844 N, 116.5178 W

West edge of 55 m wide channel. Upstream may have been eroded by
modern drainage. Maximum possible ~50 m

AVA3-G-6

Good

>15.7 –
25.5

35.5842 N, 116.5170 W

East edge of 55 m wide channel. Downstream edge was offset into the
path of the modern drainage. Minimum estimate, maximum possible ~45
m

AVA3-H-1

Fair

5.9 ± 2

35.5834 N, 116.5110 W

West edge of modern drainage

AVA3-I-1

Poor

11.8 ± 4

35.5832 N, 116.5090 W

West edge of modern drainage

AVA3-I-2

Fair

14.0 ± 3

35.5832 N, 116.5089 W

East edge of modern drainage. West-facing riser of Qal4

AVA3-J-1

Fair

6.5 – 8.4

35.5831 N, 116.5083 W

West edge of modern drainage. East-facing riser of Qal4

AVA3-J-2

Fair

9.9 ± 3

35.5831 N, 116.5082 W

East edge of modern drainage. West-facing riser of Qal6

*AVA3-K-1

Fair

9.6 ± 3

35.5826 N, 116.5052 W

West edge of modern drainage. East-facing riser of Qal6

AVA3-K-2

Fair

8.6 ± 3

35.5826 N, 116.5050 W

East edge of modern drainage. West-facing riser of Qal6

AVA3-L-1

Fair

4–8

35.5824 N, 116.5037 W

East-facing riser of Qal5

*AVA3-L-2

Good

3.6 ± 1

35.5824 N, 116.5035 W

West edge of incision into Qal5L (lower portion of Qal5)

AVA3-L-3

Poor

3.0 ± 1

35.5824 N, 116.5035 W

East edge of incision into Qa5L (lower portion of Qal5)

AVA3-L-4

Fair

5.5 ± 2

35.5823 N, 116.5027 W

Center of narrow incision into Qal5

*AVA3-L-5

Fair

4.2 – 7.0

35.5822 N, 116.5024 W

East-facing riser of Qal5

*AVA3-M-1

Fair

40.2 ± 5

35.5822 N, 116.5016 W

West edge of 40 – 80 m wide wash. Qal7 ridge upstream offset from
highly eroded downstream ridge.

AVA3-N-1

Fair

25.1 –
39.5

35.5817 N, 116.4982 W

East edge of unpreserved ridge

AVA3-O-1

Fair

9.1 – 19.8

35.5804 N, 116.4920 W

East edge of modern ~30 m wide wash

AVA3-P-1

Fair

9.8 ± 3

35.5802 N, 116.4890 W

West edge of modern ~20 m wide wash

*Offset measurement is utilized for slip-rate estimates
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Ava3-E is a downstream fan whose incised edges are offset from the
edges of an older, eroded alluvial unit with no fan surface preserved. The fan
surface stands approximately 4 – 6 m above the modern channels bounding it.
The fan surface is well preserved for a width of 50 m. This fan surface appears to
be overlying shallow bedrock as its most highly eroded areas expose much
darker rock that is visible in satellite imagery. The remaining preserved surface is
flat and smooth with large primary incisions and some tributary incisions.
Although the remaining fan surface area is small, the vegetation appears to be
limited to the incisions. The fan is likely a Qal7 based on these observations. To
the east of this, lower ridges may represent eroded remnants of Qal7, or may be
a younger unit that is not well preserved. The portion of this site upstream of the
fault is probably an older alluvial unit that has been uplifted and highly eroded. Its
relative age cannot be determined with certainty without field investigation, but it
is clearly older than Qal7. Offset measurements at this site were based on the
risers bounding the Qal7 surface, using the eastern boundary of the eroded
upstream unit (Figure 16).
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Figure 16. Avawatz-3 E and F sites in LiDAR hillshade imagery. Colored dots
denote piercing points and are colored and numbered according to the
corresponding offset measurements in Table 8. For additional maps of Avawatz-3
E and F, see Appendix F.
65

The Ava3-E-1 offset, 34 – 41 m, was measured between the west-facing
riser of Qal7 to the western margin of the upstream unit. Ambiguity of the western
margin of the upstream unit and the projection distance of the Qal7 fan to the
fault limited the ability to constrain a preferred measurement, therefore only a
range is presented in Table 8. The Ava3-E-2 offset from the eastern edge of the
lower, eroded surface of potential Qal7 age to the eastern edge of the upstream
unit is 37.4 ± 5 m. The lower and rougher downstream area between the piercing
points used for Ava3-E-2 appears to be much younger colluvium sourced from
the upstream unit. The eastern edge of the upstream unit has been eroded by the
modern channel, therefore this offset may represent a minimum value. By using
the east edge of the modern channel, the maximum reasonable offset would be
46 m. If the eroded alluvial unit east of the well-preserved Qal7 fan north of the
fault is younger than Qal7, then the offset of Qal7 could be 65 – 75 m (Ava3-E-3),
but I prefer the interpretation that the eroded unit is Qal7.
Ava3-F consists of an offset, downstream fan surface approximately
100 m wide and standing 6 – 8 m above the modern channel. In satellite imagery,
the downstream fan appears mostly consistent in source material with the
surrounding young Qal0 – Qal2 alluvium, but appears much older with a darker
and smoother surface, less vegetation, and large incisions beginning to develop
tributaries. This surface most closely resembles those categorized as Qal7.
Closest to the fault, the surface shows gray-colored material consistent with the
material upstream of the fault (see appendix F for satellite imagery of this site).
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This upstream region is a taller ridge of material, which appears to not have any
surface left preserved. The great variability of material color in the Avawatz-3
subsection suggests a variety of bedrock lithologies, but field observations are
required to confirm this.
The offset measured from the east-facing riser of Qal7 to the modern
channel (Ava3-F-1) is 30 – 45 m. The northward-flowing drainage travels along
the eastern edge of the upstream surface and has likely caused much erosion
leading to a reduction of measurable offset, therefore this offset must be
considered a minimum. The maximum offset reasonably possible is
approximately 55 m. This measurement is the distance between a westernmost
projection of the downstream riser, to approximately half way between the
projected boundaries of the channel eroding the eastern wall of the upstream
surface.
Ava3-K is the downslope extension of a preserved surface offset by the
fault. The remaining preserved surface found upstream of the fault exhibits a
smooth surface standing about 5 m higher than surrounding drainages, and has
minor incision development resembling that of other Qal6 units (Figure 17). A
young drainage segregates remaining portions at its downstream extent where it
meets the fault and is clearly offset. The west edge of this drainage, or
conversely the east-facing riser of the Qal6 unit is offset 9.6 ± 3.0 m (Ava3-K-1).
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Figure 17. Avawatz-3 K, L, and M sites in LiDAR hillshade imagery. Colored dots
denote piercing points and are colored and numbered according to the
corresponding offset measurements in Table 8. For additional maps of Avawatz-3
K, L, and M, see Appendix G.
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Only ~150 m east of Ava3-K is a preserved and offset surface of Ava3-L.
This surface stands only 3-4 m above the surrounding drainages and is mostly
well preserved. Although no bar and swale topography on this preserved surface
remains, it is not as smooth as the Qal6 surface of Ava3-K, and there is more
vegetation present suggesting it is slightly younger. This surface resembles Qal5
surfaces of other sites. At the center of this surface there is a slightly lower
standing area considered Qal5L. The east-facing riser between Qal5 and Qal5L
is offset 4 – 8 m (Ava3-L-1). There are two prominent incisions, each about 2 m
deep, running through the surface showing displacement across the fault. The
west edge of the west incision is offset 3.6 ± 1 m (Ava3-L-2) and is much better
constrained than the east edge offset ~ 3 m (Ava3-L-3). The east incision is very
narrow and intersects the fault at a low angle. The measurement along the center
of this incision is 5.5 ± 2 m (Ava3-L-4). The east-facing riser found between Qal5
and the adjacent Qal4 surface is offset 4.2 – 7.0 m (Ava3-L-5).
Ava3-M consists of a ridge of material offset adjacent to a broad modern
wash. Little preserved alluvial surface remains atop the upstream portion of the
ridge, while the downstream portion appears to be exposed bedrock. The northdraining modern wash along the ridge’s eastern edge is 40 – 50 m wide and
intersects the fault at 80° upstream of the fault, then turns to the west, departing
the fault at an angle of 50° and widens to ~80 m.
A single offset was measured along the east edges of this offset ridge
(Ava3-M-1) to be 40.2 ± 5 m. Because little preserved alluvial surface remains on
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the upstream ridge for qualitative age estimation, and the downstream ridge
appears to be exposed bedrock, an age constraint for this offset cannot be
estimated with confidence without comparison to nearby surfaces. The total
height of the upstream Ava3-M ridge above the modern wash is nearly the same
as the terrace heights of about 7 m at Ava3-E and Ava3-F, and is taller than the
neighboring Qal5 and Qal6 surfaces of Ava3-K and Ava3-L, respectively.
Therefore, the Ava3-M ridge is likely a remnant of a Qal7 unit. The offset does
appear tectonic in origin as indicated by the abrupt widening of the wash at the
location of the fault. Downstream widening is expected when bedrock, which was
offset into the path of the drainage has been eroded, while the opposite bank has
been moved away from the drainage channel.
Avawatz-4 Subsection
The fourth and final subsection of the Avawatz Section of the eastern
Garlock Fault begins at the mouth of a small valley containing young alluvial fans
(long: 116.4820 W). This is also the approximate northeastern boundary of Fort
Irwin National Training Center. This subsection spans the approximately 7.6 km
remainder of the EGF to its termination (long: 116.4000 W), near the Death
Valley Fault zone. The western half of this subsection consists of large areas of
alluvial fans, which drain northward through a pair of canyon washes (Figure 18).
Denning Spring is located in the western canyon wash. The eastern wash is
known as Cave Spring Wash.
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Figure 18. Strip map of Avawatz-4 in LiDAR hillshade imagery. Red line shows
surface expression of the Leach Lake strand of the Garlock Fault zone. Left-hand
image lies west of right-hand image.
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In Avawatz-4 the EGF is recognized by small scarps in various ages of
alluvial deposits, and multiple small splays are found throughout the ~1.5 km
wide valley. The recently active portions of the fault are not confined to a single
splay for most of this subsection. The small splays are intermittently visible and
together form a pattern of either a left step or bend along the EGF, which may be
the cause of this open valley surrounded by bedrock exposures.
Based on LiDAR observations, the scarps in young alluvium in the
western part of Ava4 appear not to have recognizable left-lateral offset, although
it is possible that lateral offsets less than 3 m are concealed within the bar and
swale topography. In the eastern half of Ava4, McGill and Sieh (1991) noted a
number of geomorphic features left-laterally offset about 3 m during the most
recent earthquake, as well as a couple of features offset 5 – 6 m, potentially in
the past two earthquakes combined.
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CHAPTER FOUR
DISCUSSION

As relative unit ages were assigned based on qualitative analyses of
preserved surfaces, the measured offsets corresponding with those unit ages
were compared across sites. SRW and SRE in Pilot Knob Valley, and QMTNS at
the eastern extent of the CGF, all display units of multiple ages with measurable
offsets. These successively preserved units are ideal for measuring the average
total offset over various ranges of time. In the Avawatz section of the EGF these
ideal sequences were absent. Rather, various ages of preserved and offset
surfaces were found throughout the Avawatz section (and subsections).

Hypothesis 1: Observed offsets per given relative age unit decrease and
therefore show a reduction in slip rate along the
Garlock Fault towards the east
Direct comparison of units inferred to be approximately the same age
shows significant differences in total accumulated slip dependent on the location
of the site along the Garlock Fault. Figure 19 is a plot of qualitatively estimated
age vs. measured offsets. Although many more offsets were found and
measured, these were the offsets most confidently attributed to qualitatively
established unit ages, a prerequisite for comparison. X-axis error bars span the
ranges of time within each assigned unit age (see Table 2), and Y-axis error bars
were determined by digital measurement in ArcGIS. Linear regressions were
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formed for data series PKV (sites SRW and SRE), QMTNS, and AVA (AVA2 and
AVA3 site areas combined). The geographic distribution of these sites along the
CGF and EGF can be seen in Figure 2. The distinct regression lines for the three
regions clearly show a decrease in average estimated slip rate from west to east.
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Figure 19. Scatter plot of Pilot Knob Valley (PKV, sites SRW and SRE combined),
Quail Mountains (QMTNS), and Avawatz (AVA, Avawatz 2 and 3 combined).
Linear regression lines were fitted to each series of points.
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Comparison within Pilot Knob Valley
As displayed in Figure 2 and previously explained, the SRW, SRE, and
QMTNS sites are found within Pilot Knob Valley. These sites represent the
easternmost expression of the CGF with QMTNS positioned nearly at its eastern
terminus. Sites SRW and SRE are less than 2 km apart, which permitted
combining their measured offset data to form data series PKV. A separate series
for QMTNS was created, as it is approximately 17.5 km east of SRE, and only
about 8 km west of the intersection of the Brown Mountain, Owl Lake, and
Garlock Faults.
The largest offset in the PKV series is the west-facing riser of unit Qal6a,
estimated to be 17.7 – 23.3 ka, at SRW. This riser is offset 95.5 ± 5 m
(PKVW-B-3). The largest offset in the QMTNS series is 100 ± 15 m (QMTNS-5)
but the offset unit is Qal7, estimated to be 25 – 50 ka. The age difference
between these units suggests a lower total slip rate at the Quail Mountains site.
Furthermore, within the QMTNS series an offset of a Qal6 unit is found to be 41 –
68 m (QMTNS-3), less than what was found in the PKV series.
Both the PKV and QMTNS series have offset Qal5 surfaces, estimated to
be 7.8 – 12.8 ka. PKVW-A-1 was measured to be 43.6 ± 5 m, whereas QMTNS-2
was measured to be 23.3 ± 3 m. Even offsets in the Qal4 unit (4.3 – 5.8 ka) in the
PKV series were larger, at 30.6 ± 3.0 m (PKVE-3) and 43.7 ± 2.2 m (PKVE-4),
than the Qal5 offsets at Quail Mountains.
The smallest offsets in the PKV series are 6.7 ± 1.0 m (PKVE-1) for a Qal2
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unit (0.6 – 1.0 ka), and 18.3 ± 2.0 m (PKVE-2) for a Qal3 unit (2.4 – 3.0 ka). The
only comparable offset available from the QMTNS series is QMTNS-1, a 4.1 ±
1.5 m offset of unit Qal3b. This QMTNS offset is both smaller than that of
comparable age, and older than that of comparable offset found in PKV.
Comparing the series of offsets clearly shows a greater total offset per
given unit age at PKV than QMTNS. Figure 19 displays this well, and the linear
regressions suggest an estimated slip rate of approximately 4.2 mm/yr for PKV
and approximately 2.7 mm/yr for QMTNS.
Comparison of Avawatz with Quail Mountains and Pilot Knob Valley
A single data series named AVA was created by combining the best
measurable offsets found in both Avawatz-2 and Avawatz-3 subsections of the
EGF. Most of the offsets in this series were associated with Qal6, Qal7, and Qal8
surfaces. The largest offsets of the AVA series were measured to be 77 – 134 m
(AVA2-G-6) and 50 – 120 m (AVA2-G-7) as the approximate boundaries of offset
Qal8 surfaces estimated to be 50 – 150 ka, older than any offset surfaces found
in PKV or QMTNS.
Numerous offsets of Qal7 units were plotted, and ranged between a low of
36.0 ± 5 m (AVA3-E-1) and a high of 41.5 ± 3.5 m (AVA-3-F-1), although AVA2-G5 had a greater maximum due to a larger error. The Qal7 offsets of the AVA
series are approximately half the size of the QMTNS-4 measurement, suggesting
a significant change in average slip rate across the boundary between the CGF
and EGF.
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Three Qal6 offsets were included in the AVA series, 8.3 – 19.9 m (AVA2-E3), 11.6 ± 2.0 m (AVA2-F-1), and 9.6 ± 3.0 m (AVA3-K-1). These measurements
are significantly smaller than those found in QMTNS and PKV. As Qal6 unit
offsets are the oldest surfaces for which offsets can be measured in all three data
series, it is important to note that the PKV Qal6 unit offset is nearly twice as large
as that found in QMTNS, and the QMTNS Qal6 unit offset is about four times
larger than those found in the AVA. This suggests a decrease in slip rate
eastward along the CGF and a much lower slip rate in the EGF, averaged over
approximately 17.7 – 23.3 ka (Qal6 unit age).
The Qal5 unit offsets exhibit a similar relationship between the sites. In the
AVA series, two Qal5 offsets measured 9.9 ± 3.0 m (AVA2-B-1) and 6.2 ± 2.4 m
(AVA3-L-5). AVA2-B-1 was found about 5.3 km west of AVA3-L-5. One slightly
younger Qal5L offset was also included in the series and measured 3.6 ± 1.0 m
(AVA3-L-2), although this measurement is very near the DEM resolution limit.
The Qal5 unit measurements in QMTNS and PKV are, again, much larger at 23.3
± 3.0 m (QMTNS-2) and 43.6 ± 5.0 m (PKVW-A-1), respectively.
No comparable offsets for units younger than Qal5 were found in the
Avawatz section of the EGF. The data presented from the AVA series resulted in
a linear regression that suggests an estimated slip rate of 1.0 mm/yr for the EGF,
nearly one-third the estimated rate of QMTNS and one-quarter the estimated rate
of PKV.
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Hypothesis 2: Most recent earthquake appears to have similar
age in all studied sections
The majority of offsets found along the EGF are terrace risers or bent
drainages incised into older unit surfaces. Measurable left-lateral offsets of
younger units were rare, or unrecognizable due to resolution limits of the LiDAR
DEM data. Lateral offsets smaller than 3 m are virtually indistinguishable from bar
and swale or other topographic variability, although vertical scarps are visible in
units as young as Qal2 throughout the EGF. This suggests the most recent
earthquakes had a component of vertical slip and may have left-lateral
deformation of up to 3 m, as recorded in McGill and Sieh (1991). Similar scarps
are found in young units throughout the CGF as well, implying the most recent
earthquake event may have occurred across the CGF and EGF together, but
either a greater total left-lateral slip has accumulated per event or a greater
number of events have occurred in the CGF than the EGF. Alternatively, the most
recent earthquake events may have occurred separately, but close in time, with
less slip per event along the EGF.
McGill and Sieh (1991) found Pilot Knob Valley to have had either 3.4 or
5.3 m of offset in the most recent earthquake event, whereas in the Quail
Mountains a most recent event of 3.4 m offset was more likely. In the Avawatz
Mountains, McGill and Sieh (1991) found the most recent earthquake event to
have had 2.8 m of offset. The findings of McGill and Sieh (1991) can be
interpreted as showing a decreasing slip per event toward the east, which is in
agreement with the interpretation that the eastward-decreasing slip rate found in
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this study is due to less slip per event.
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CHAPTER FIVE
CONCLUSIONS

This study has shown through remote, qualitative comparisons that the
late Pleistocene-Holocene slip rate of the Garlock Fault appears to decrease
between the central and eastern segments. The slip-rate estimates were found to
be 4.2 mm/yr for Pilot Knob Valley and 2.7 mm/yr for Quail Mountains in the
central Garlock Fault, and 1.0 mm/yr for Avawatz in the eastern Garlock Fault.
This is significant in helping constrain the role of the Garlock Fault in partitioning
slip between the San Andreas Fault and the Eastern California Shear Zone
(ECSZ). Past studies attempted to understand the Garlock Fault’s history and
tectonic role (Hill and Dibblee, 1953; Davis and Burchfiel, 1973; McGill and Sieh,
1991; Guest et al., 2003). Davis and Burchfiel (1973) suggested that total
displacement of the Garlock Fault must increase westward from its eastern end,
based on recognized features offset by tens of km. The findings of this study are
in agreement with Davis and Burchfiel’s (1973) observations.
Optically stimulated luminescence ages will soon be available for Qal3 and
Qal4 at SRE and will allow firmer estimates of slip rate to be calculated for this
location and time period. Sampling and dating of units of other ages and at other
locations is needed to confirm the preliminary results presented here.
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Future Work
There is much yet to be understood about the tectonic role and history of
the EGF and the seismic hazards it may pose. The first priority of future studies
should be to acquire access to the remotely studied sites in order to collect
samples for dating analysis. The acquisition of direct ages of preserved surfaces
will validate or discredit the methodology for attributing age categories discussed
in this thesis. If validated, the methodology can be modified and utilized for
remote analyses of other environments. More importantly, the acquisition of
quantitative surface ages will allow well-constrained slip rates along these sites.
Field studies along the EGF will also examine and quantify the vertical-slip
component of recent fault scarps, pertinent to understanding fault rupture history
and tectonic strain history.
Field studies along the EGF will produce important data for understanding
the role of the Garlock Fault and the relationship between it and the ECSZ.
These field data and geologic slip rates can be compared to regional GPS
studies of tectonic movement, as has been done along other major faults in
California.
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APPENDIX A
MAP OF SITE LOCATIONS ALONG THE GARLOCK FAULT
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A - 1: Map of site locations along the central and eastern segments of the
Garlock Fault. Sections of each segment are highlighted in green and named.
Individual sites are labeled and highlighted in blue.
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APPENDIX B
SUPPLEMENTAL MAPS OF SLATE RANGE WEST
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B - 2: LiDAR hillshade image. The red line represents the location of the active
Garlock Fault. The colored dots denote piercing points and are colored and
numbered according to the corresponding offset measurements in Table 4.
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B - 3: LiDAR hillshade and NAIP aerial image hybrid. The red line represents the
location of the active Garlock Fault. The colored dots denote piercing points and
are colored and numbered according to the corresponding offset measurements
in Table 4.
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B - 4: NAIP aerial image. The red line represents the location of the active
Garlock Fault. The colored dots denote piercing points and are colored and
numbered according to the corresponding offset measurements in Table 4.
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B - 5: Slope aspect image. North – red; East – yellow; South – teal; West - blue.
The red line represents the location of the active Garlock Fault. The colored dots
denote piercing points and are colored and numbered according to the
corresponding offset measurements in Table 4.
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B - 6: LiDAR hillshade with 1 meter contours. The red line represents the location
of the active Garlock Fault. The colored dots denote piercing points and are
colored and numbered according to the corresponding offset measurements in
Table 4.
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APPENDIX C
SUPPLEMENTAL MAPS OF SLATE RANGE EAST
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C - 1: LiDAR hillshade image. The red line represents the location of the active
Garlock Fault. The colored dots denote piercing points and are colored and
numbered according to the corresponding offset measurements in Table 5.
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C - 2: LiDAR hillshade and NAIP aerial image hybrid. The red line represents the
location of the active Garlock Fault. The colored dots denote piercing points and
are colored and numbered according to the corresponding offset measurements
in Table 5.
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C - 3: NAIP aerial image. The red line represents the location of the active
Garlock Fault. The colored dots denote piercing points and are colored and
numbered according to the corresponding offset measurements in Table 5.

94

C - 4: Slope aspect image. North – red; East – yellow; South – teal; West - blue.
The red line represents the location of the active Garlock Fault. The colored dots
denote piercing points and are colored and numbered according to the
corresponding offset measurements in Table 5.
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C - 5: LiDAR hillshade with 1 meter contours. The red line represents the location
of the active Garlock Fault. The colored dots denote piercing points and are
colored and numbered according to the corresponding offset measurements in
Table 5.
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APPENDIX D
SUPPLEMENTAL MAPS OF QUAIL MOUNTAINS
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D - 1: LiDAR hillshade image. The red line represents the location of the active
Garlock Fault. The colored dots denote piercing points and are colored and
numbered according to the corresponding offset measurements in Table 6.
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D - 2: LiDAR hillshade and NAIP aerial image hybrid. The red line represents the
location of the active Garlock Fault. The colored dots denote piercing points and
are colored and numbered according to the corresponding offset measurements
in Table 6.
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D - 3: NAIP aerial image. The red line represents the location of the active
Garlock Fault. The colored dots denote piercing points and are colored and
numbered according to the corresponding offset measurements in Table 6.
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D - 4: Slope aspect image. North – red; East – yellow; South – teal; West - blue.
The red line represents the location of the active Garlock Fault. The colored dots
denote piercing points and are colored and numbered according to the
corresponding offset measurements in Table 6.
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D - 5: LiDAR hillshade with 1 meter contours. The red line represents the location
of the active Garlock Fault. The colored dots denote piercing points and are
colored and numbered according to the corresponding offset measurements in
Table 6.
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APPENDIX E
SUPPLEMENTAL MAPS OF AVAWATZ-2 E, F, AND G
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E - 1: LiDAR hillshade image. The red line represents the location of the active
Garlock Fault. The colored dots denote piercing points and are colored and
numbered according to the corresponding offset measurements in Table 7.
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E - 2: LiDAR hillshade and NAIP aerial image hybrid. The red line represents the
location of the active Garlock Fault. The colored dots denote piercing points and
are colored and numbered according to the corresponding offset measurements
in Table 7.
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E - 3: NAIP aerial image. The red line represents the location of the active
Garlock Fault. The colored dots denote piercing points and are colored and
numbered according to the corresponding offset measurements in Table 7.
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E - 4: Slope aspect image. North – red; East – yellow; South – teal; West - blue.
The red line represents the location of the active Garlock Fault. The colored dots
denote piercing points and are colored and numbered according to the
corresponding offset measurements in Table 7.
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E - 5: LiDAR hillshade with 1 meter contours. The red line represents the location
of the active Garlock Fault. The colored dots denote piercing points and are
colored and numbered according to the corresponding offset measurements in
Table 7.
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APPENDIX F
SUPPLEMENTAL MAPS OF AVAWATZ-3 E AND F
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F - 1: LiDAR hillshade image. The red line represents the location of the active
Garlock Fault. The colored dots denote piercing points and are colored and
numbered according to the corresponding offset measurements in Table 8.
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F - 2: LiDAR hillshade and NAIP aerial image hybrid. The red line represents the
location of the active Garlock Fault. The colored dots denote piercing points and
are colored and numbered according to the corresponding offset measurements
in Table 8.
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F - 3: NAIP aerial image. The red line represents the location of the active
Garlock Fault. The colored dots denote piercing points and are colored and
numbered according to the corresponding offset measurements in Table 8.
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F - 4: Slope aspect image. North – red; East – yellow; South – teal; West - blue.
The red line represents the location of the active Garlock Fault. The colored dots
denote piercing points and are colored and numbered according to the
corresponding offset measurements in Table 8.
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F - 5: LiDAR hillshade with 1 meter contours. The red line represents the location
of the active Garlock Fault. The colored dots denote piercing points and are
colored and numbered according to the corresponding offset measurements in
Table 8.
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APPENDIX G
SUPPLEMENTAL MAPS OF AVAWATZ-3 K, L, AND M
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G - 1: LiDAR hillshade image. The red line represents the location of the active
Garlock Fault. The colored dots denote piercing points and are colored and
numbered according to the corresponding offset measurements in Table 8.
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G - 2: LiDAR hillshade and NAIP aerial image hybrid. The red line represents the
location of the active Garlock Fault. The colored dots denote piercing points and
are colored and numbered according to the corresponding offset measurements
in Table 8.
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G - 3: NAIP aerial image. The red line represents the location of the active
Garlock Fault. The colored dots denote piercing points and are colored and
numbered according to the corresponding offset measurements in Table 8.
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G - 4: Slope aspect image. North – red; East – yellow; South – teal; West - blue.
The red line represents the location of the active Garlock Fault. The colored dots
denote piercing points and are colored and numbered according to the
corresponding offset measurements in Table 8.
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G - 5: LiDAR hillshade with 1 meter contours. The red line represents the location
of the active Garlock Fault. The colored dots denote piercing points and are
colored and numbered according to the corresponding offset measurements in
Table 8.
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